Background: Lipoprotein lipase (LpL) is the ratelimiting for plasma triglyceride lipolysis, but its importance in adipose development is uncertain. Results: Adipocyte LpL knockout affected brown but not white fat composition. White fat was reduced when muscle LpL expression was increased. Conclusions: LpL distribution and adipose metabolism affect adipogenesis. Significance: All fat depots are not equally dependent on triglyceride uptake.
increased plasma TG levels associated with reduced chylomicron TG uptake into BAT and lung. ATLO BAT, but not GAT, had altered TG composition. GAT from MCK/L0 was smaller and contained less polyunsaturated fatty acids in TG, while GAT from ATLO was normal unless LpL was overexpressed in muscle. High fat diet feeding led to less adipose in MCK/L0 mice but TG acyl composition in SCAT and BAT reverted to that of WT. Therefore, adipocyte LpL in BAT modulates plasma lipoprotein clearance and the greater metabolic activity of this depot makes its lipid composition more dependent on LpL-mediated uptake. Loss of adipose LpL reduces fat accumulation only if accompanied by greater LpL activity in muscle. These data support the role of LpL as the "gate-keeper" for tissue lipid distribution.
Adipose triglyceride (TG) is thought to be predominantly acquired from circulating lipoproteins; de novo synthesis of fatty acids is normally a minor contributor to adipose TG and accounts for less than 25% of adipose TG in humans (1-3)
Adipose lipoprotein lipase
Dietary chylomicron TG and endogenously produced VLDL-TG require intravascular hydrolysis by lipoprotein lipase (LpL) to liberate free fatty acids (FFA), which are then acquired by adipocytes (4) . Total body LpL knockout leads to severe hypertriglyceridemia in humans (5) . Newborn mice ingest a high fat milk diet and total body LpL deficiency leads to neonatal death associated with hypoglycemia (6) . This neonatal death is prevented by overexpressing LpL in skeletal muscle or liver (7) . Although LpL has been described as the gate-keeper for TG uptake and appears to distribute TG amongst tissues (8) , humans with genetic defects in LpL and mice expressing LpL only in muscle (MCK/L0) have been reported to have normal body weight (9) . In contrast, in the setting of leptin deficiency, MCK/L0 mice have reduced obesity (9) . The source of adipose fatty acids in MCK/L0 mice is controversial and might either reflect de novo synthesis (9) or acquisition of fatty acids from other lipoproteins, perhaps due to the actions of endothelial lipase (10) .
Adipose depots differ in function and metabolism (11) . Metabolism of subcutaneous and intraperitoneal white adipose tissues (WATs) and their relationship to insulin sensitivity has been investigated in the most detail (12) . Brown adipose tissue (BAT), which has recently been found in humans (13) (14) (15) , is responsible for adaptive thermogenesis (15, 16) and has been proposed to be an important site of tissue TG clearance in rodents (16) . In this study, we explored whether alterations in the ability of adipocytes to acquire lipoprotein-derived fatty acids affects adipose tissue development and gene expression. To do this we compared wild type mice (WT), MCK/L0, and mice that we created with adipocyte specific loss of LpL expression (ATLO). ATLO mice were also bred with MCK/L0 mice to obtain mice with LpL overexpression in muscle coupled with deficiency in adipose (MCK/ATLO). Although all lines of mice had identical body weights, MCK/L0 and MCK/ATLO mice had reduced WAT, whereas ATLO did not. ATLO mice had reduced uptake of lipids into BAT and increased plasma TG levels. On chow, but not high fat diets (HFD), both ATLO and MCK/L0 BAT had reduced contents of polyunsaturated fatty acids (PUFAs). Our data show that adipocyte LpL plays a more essential role in TG synthesis and composition in BAT than in WAT and that TG distribution is a critical regulator of gonadal adipose tissue (GAT) mass.
EXPERIMENTAL PROCEDURES
Generation of ATLO mice-Mice with adipose tissue specific deletion of LpL (ATLO) were generated by crossing LpL flox/flox mice, previously created in this lab (17) and ap2-Cre mice (Jackson Laboratory). The cross of LpL flox/flox mice with ap2-cre mice generated ap2-Cre/LpL flox/+ . These mice were crossed again with LpL flox/flox to generate ap2-Cre/LpL flox/flox (ATLO). Genotypes were determined by standard PCR on tail tip genomic DNA. The presence of the ap2-Cre transgene was detected by primer sequences within the Cre recombinase region; sense 5'-ATT TGC CTG CAT TAC CGG TC-3' and antisense 5'-ATC AAC GTT TTG TTT TCG GA-3'. Floxed LpL was also confirmed with primers that detect the second loxP within intron 1; sense 5′-CGG CTT AGC TCA GTA CTC AA-3′ and antisense 5′-TCT AGG CAG AGA GCA GGC AGA-3'. We also created ATLO mice with LpL overexpression in skeletal muscle by crossing the MCK-LpL transgene onto the ATLO background. These mice are denoted MCK/ATLO. Macrophage LpL knockout mice-Adipose tissues from mice with specific deletion of LpL in macrophages were obtained by crossing LpL flox/+ mice with transgenic mice carrying Cre recombinase under the control of the lysozyme promoter (lys-Cre, Jackson Laboratory). From the descendants, LpL flox/+ /lys-Cre mice were then crossed with LpL flox/+ to create the macrophage specific LpL knockouts (ML0) (18) . Mouse breeding and husbandry-All procedures were in accordance with current NIH guidelines and were approved by the Columbia University Institutional Animal Care and Use Committee. MCK/L0 mice were bred and genotyped as described (19) . All animals were housed under controlled temperature (23°C) and lighting (12 h light; 06:00-18:00 h, 12 h dark; 18:00-06:00 h) with free access to water. Mice were fed a standard mouse chow (Purina) or a high fat diet (Research Diets, D12492) that contains 34.9% fat by weight, providing 60% of calories from fat. The composition of the diets is detailed in Table 1 . Plasma Lipids and glucose-Blood samples were obtained by retro-orbital bleeding after 4-6 hour Adipose lipoprotein lipase fasting. Plasma total cholesterol (TC), TG and free fatty acids (FFA) were determined enzymatically (Wako Chemicals). Glucose was measured in tail blood using a glucometer (One Touch Ultra; Lifescan). Tissue collection-Mice were anesthetized with isofluorane and hearts were perfused with 10 ml of PBS or until the livers blanched. Tissues were rapidly removed and frozen in liquid nitrogen unless otherwise noted. Peritoneal macrophage isolation-After peritoneal lavage with saline, the solution was centrifuged at 500 x g for 5 min. Cells were resuspended in 1 ml DMEM with 10% FBS and plated. After 3 h in a 37º C incubator, non adherent cells were washed away with PBS and the adherent cells were scraped and frozen. (20) . Briefly, gonadal fat pads were minced, placed in 5 volumes of HEPES buffered DMEM supplemented with 10 mg/ml fatty acid poor BSA and centrifuged at 1000 x g for 10 min. An LPSdepleted collagenase cocktail (Liberase TM, Roche) at a concentration of 0.03 mg/ml and 50U/ml DNAse I (Sigma-Aldrich) was added to the tissue and the samples were incubated at 37ºC in a shaking water bath for 45 min. Then, the samples were passed through a 250 μm nylon mesh (Sefar America Inc.). The suspension was centrifuged at 1000 x g for 10 min and the pelleted cells were collected as the SVC. The floating cells were collected as the adipocytes. The adipocyte fraction was digested for 1 additional hour, washed and centrifuged as above until no pellet was observed. The SVC were resuspended in erythrocyte lysis buffer (Biolegend) and incubated at room temperature for 5 min. Afterwards, these cells were pelleted and resuspended in PBS and frozen.
Separation of adipocytes and stromal vascular cells (SVC)-Isolation was performed as in
Immunofluorescence and colocalization-The colocalization of adipocyte LpL with CD11b-positive cells was examined by immunofluorescence similarly to the process previously described (21) . In brief, 5 m formalinfixed and paraffin-embedded mouse adipose sections were treated with a heat-induced antigen retriever (Citrate buffer, Sigma-Aldrich) following the manufacturer's instructions. Subsequently, 4% horse serum (Sigma-Aldrich) was applied to the sections to block non-specific background staining. Table 2 . LpL activity assay-Postheparin plasma (PHP) and tissue LpL activity were determined as described in detail by Hocquette et al. (23) . PHP was obtained from fasted mice 5 min after tail vein injection of 100 U of heparin/kg body weight. To measure total lipase activity, tissues were homogenized and incubated with 10% Intralipid-[ 3 H]TG emulsion as substrate and human serum as the source of apoCII (24) . The contribution of hepatic lipase was determined by including 1 mM NaCl in the assay and was subtracted from the total lipase activity to estimate LpL. Activity was normalized to the WT mice.
Heparin releasable activity in adipose was measured following the method by Haugen et al. (25) . Briefly, freshly isolated tissues were minced in Krebs-Ringer-phosphate buffer and incubated for 45 min in a 37º C water bath in presence of 15 g/ml heparin. After that, 100 l aliquots of the buffer were used for the lipase assay with 100 μl of 10% Intralipid-[ 3 H]TG emulsion for 45 min at 37º C. Aliquoted human plasma was used for a standard curve in all the experiments. Hepatic TG secretion-To measure hepatic TG production rate, 4 h fasted mice were injected with 1 g/kg body weight tyloxapol in saline (26) . Plasma samples were collected immediately prior to injection, and at 1 and 6 hours following injection. TG concentrations were determined enzymatically.
Chylomicron uptake study-The method described by Bharadwaj et al. (27) was followed. Briefly, tamoxifen inducible LpL knockout (LpLKO) mice were used to prepare the endogenously radiolabeled chylomicrons. Four hour fasted LpLKO mice were gavaged with a mixture of [
, and unlabeled all-trans ROH (Sigma) in peanut oil. After 4-5h, chylomicrons were obtained by ultracentrifugation of plasma at d=1.006 g/ml. Endogenously radiolabeled chylomicrons were then injected into the tail vein. Blood was collected at 0.5, 5, and 15 min after injection. At 15 min, hearts were perfused with cold PBS. Tissues were harvested, flash frozen in liquid nitrogen, and stored at -80° C until further use. Radioactivity was determined in 10 µl of plasma and 100 µl of tissue homogenate. Tissue uptake of glucose and incorporation of glucose into lipids-Glucose uptake was assessed following the method in Liu et al. (28) . Mice were intravenously administered 2-deoxy-D-[1-3 H]glucose after 4h of fasting. Blood was obtained at 2, 5, 15, 30 and 60 min after injection. At 60 min the heart was perfused with 10 ml of cold PBS and tissues were harvested. Radioactivity was determined in 100 l of homogenate and 10 l of plasma and normalized to the area under the decay curve. Dual energy X-ray absorptiometry (DEXA)-Mice were anesthetized with ketamine-xylazine and placed in a PIXImus II DEXA scanner (GE Lunar,).
Lipid extraction and Liquid Chromatography/Mass Spectrometry (LC/MS)-
The lipidomic analysis was performed as in Clugston et al. (29) . To assess the fatty acyl composition of adipose TG, approximately 200 mg adipose tissue was homogenized in 1 ml PBS. After centrifugation to remove debris, the homogenate was transferred to a glass tube, 5 ml of 2:1 chloroform/methanol (v/v) was added and the sample was vigorously mixed and centrifuged at 800 x g to separate phases. The chloroform phase was collected, evaporated under N 2 to dryness, and reconstituted in 0.1 ml chloroform. Lipid species were separated on a Whatman Adsorption 60Å Silica Gel TLC plate (20 X 20 cm) and visualized in an iodine chamber. The separated TGs were scraped and transferred to a glass tube with 1 ml of ethanolic KOH and an internal standard consisting of 2.5 µmoles heptadecanoic acid in 0.05 ml ethanol. After incubation at 60 o C for 1 h, 0.5 ml H 2 O and 0.4 ml hexane were added and the phases separated by centrifugation. The non-saponifiable lipids in the upper hexane phase were removed and the pH of the lower phase was titrated with 1 N HCl to pH 2.5. The unesterified fatty acids were then extracted into hexane and analyzed by LC/MS. All analyses were carried out on a Waters Xevo TQ MS ACQUITY UPLC system (Waters, Milford, MA). Bone marrow transplant-The protocol was based on that of Han et al. (30) . Recipient mice received water supplemented with 10 mg/l neomycin (Sigma) 2 weeks before and after bone marrow (BM) transplantation. Eight week old male mice were lethally irradiated with 13 Gy from a cesium source in 2 doses separated by 4 h. Bone marrow was collected from femurs and tibias of donor mice by flushing with sterile medium (RPMI 1640, 2% FBS, 5 U/ml heparin, 50 U/ml penicillin, 50 μg/ml streptomycin). Each recipient mouse was injected with 3-5 × 10 6 BM cells. After 4 weeks, peripheral blood was collected from the tail vein for PCR to check donor bone marrow reconstitution. Once reconstitution was confirmed, recipient mice were kept on chow diet for 8 weeks to allow resident macrophage population turnover. Mice were then sacrificed and organs were collected. Adenovirus amplification and direct GAT injection-The recombinant adenovirus expressing MCP1 was purchased from Vector Biolabs, propagated as described previously (31) and titrated with Adeno-X Rapid Titer Kit (Clontech) following the instructions of the manufacturer. Mouse GAT was surgically exposed and adenoviral preparations containing 1•10 8 pfu were directly injected in each pad in three separated points. Incisions were closed and sutured and mice were allowed to recover. After 10 days, the mice were sacrificed and plasma and tissues were collected. Statistics-Results are given as means ± SE. Statistical significance was tested using two-tailed Student t test. Statistical analysis was done using GraphPad Prism 5 software.
RESULTS
Characterization of ATLO mice-The LpL gene deletion was confirmed by PCR in adipose tissue by showing deletion of LpL exon 1 ( Figure  1A ). Hearts from cardiomyocyte specific LpL knockout mice (17) were used as a positive control. As a consequence of the deletion, ATLO mice had 75% reduction of LpL mRNA in GAT, 90% reduction in subcutaneous adipose tissue (SCAT) and 84% reduction in BAT ( Figure 1B ). Since the ap2 promoter is also expressed in macrophages, we separated the SVC and adipocyte fraction from GAT. Not unexpectedly, there was a partial (~74%) decrease in LpL mRNA levels in the SVC fraction, while in the adipocyte fraction the decrease in mRNA was 82%. In contrast to adipose, there was no significant reduction in LpL mRNA in peritoneal macrophages from ATLO mice ( Figure  1B ). Confocal microscopy of GAT showed more colocalization of LpL with the macrophage marker Cd11b in ATLO than in WT mice. The quantification indicated that in WT mice 12.5 1.3% of LpL colocalized with CD11b, while in ATLO the proportion increased to 34.0 4.9% (p<0.05; Figure 1C ). The other adipose depots did not show differences in the proportion of LpL colocalizing with CD11b.
The decrease in LpL mRNA in the adipose tissue translated into reduced activity. In ATLO mice, LpL activity was reduced by 70% in GAT, by 80% in SCAT and by 85% in BAT ( Figure 1D ). LpL activity in muscle and heart, the other main organs where LpL is abundantly expressed, was not changed. Not surprisingly, postheparin plasma LpL activity was also not significantly altered. However, LpL mRNA and activity were reduced in the lung ( Figure 1E) .
Phenotype of ATLO mice on chow and HFD-To determine the whole body effects of the loss of adipocyte LpL, we assessed the plasma lipid and glucose levels both in mice fed chow and HFD. We included the MCK/L0 mouse in this study to compare our data with a complete adipose LpL knockout (9) . ATLO mice had elevated plasma TG on both chow and HFD feeding (Table  3) , while total cholesterol (TC) and glucose levels were identical to those in WT mice. Consistent with previous findings (9), MCK/L0 mice had decreased levels of plasma TG and TC.
ATLO, MCK/L0, and WT mice were kept on chow or on HFD starting at weaning and their body weights were measured (Figure 2A ). Both males and females gained weight at the same rate as they aged. On chow diet, ATLO mice showed no differences in the morphology of their adipose tissues, macro-or microscopically, while MCK/L0 mice had smaller GAT than the ATLO or the WT mice ( Figure 2B ). No differences were observed in SCAT or BAT mass amongst the three genotypes when they were kept on chow diet ( Figure 2B ). After 8 weeks on HFD, GAT mass increased in WT from 0.35 ± 0.04 g (p<0.05) in chow to 1.9 ± 0.5 g, and in ATLO from 0.28 ± 0.02 g to 2.1 ± 0.1g (p<0.001). But in MCK/L0, GAT only increased from 0.14 ± 0.01 to 0.25 ± 0.02 g (p< 0.001 vs. chow and p<0.001 vs. WT HFD). Similarly, for HFD-fed WT and ATLO, the SCAT increased by approximately 4 fold in WT and ATLO mice; in MCK/L0 mice, SCAT size did increase. Also after the HFD, the BAT enlarged in WT and ATLO mice but not in MCK/L0 ( Figure  2B) .
The above findings were confirmed by DEXA scan ( Figure 2D ). On chow diet fat mass in MCK/L0 was only 8 ± 0.6% of the body mass; in WT it was 11 ± 1% and in ATLO 11 ± 0.5%. After the HFD, the percentage of total body fat increased to 40 ± 2% in WT and to 37 ± 1% in ATLO mice, while in MCK/L0 it was only 19.3 ± 2%. An increase in the lean mass of MCK/L0 mice accounted for the lack of difference in body weight ( Figure 2D) .
Liver lipid content-We wondered if the hypertriglyceridemia in ATLO mice would cause hepatic steatosis. The liver TG content in ATLO mice was 24 ± 9 mg TG/g of tissue, not different Adipose lipoprotein lipase from that of WT, 25 ± 13 mg TG/g of tissue. In contrast, MCK/L0 mice had increased liver TGs, 47 ± 12 mg TG/g of tissue (p<0.05) ( Figure 2E ). There were no differences in the TC or FFA content between the three genotypes. After HFD feeding, both WT and ATLO mice had increased liver TG content. However, MCK/L0 mice had 49 ± 9 mg TG/g tissue, which was significantly less liver TG (p<0.05) than that of WT or ATLO mice, 80 ± 6 and 78 ± 7 mg TG/g tissue respectively ( Figure 2E) .
TG production and clearance-Two reasons for the hypertriglyceridemia in ATLO mice were considered: increased hepatic TG secretion and defective TG clearance. To assess whether hepatic VLDL-TG production could account for the hypertriglyceridemia, mice were intravenously injected with tyloxapol to inhibit the clearance of TG-rich particles. We did not observe differences in the blood TG accumulation between ATLO and WT mice, indicating that VLDL-TG production was not affected ( Figure 3A ). To test if there was defective catabolism of TG rich lipoproteins, tissue chylomicron uptake was assessed using endogenously produced double labeled chylomicrons (27) . The labeling of both the TG and the retinyl ester in the same particle allows the differentiation of two different processes: fatty acid uptake after TG lipolysis and whole particle uptake. BAT from ATLO had reduced TG uptake ( Figure 3B ), while retinyl ester uptake was unaffected ( Figure 3C ). Uptake into white adipose was low and no significant differences were detectable. Uptake into heart, liver and skeletal muscle was not affected by the loss of adipocyte LpL.
ATLO mice also had reduced TG uptake into lungs ( Figure 3B ). This was associated with reduced LpL activity; LpL activity in ATLO and MCK/L0 lungs were both reduced by ~50% ( Figures 1B, 1D and 1E ), suggesting that lungs might also be partially responsible for the ATLO hypertriglyceridemia. We should note that a knockout of LpL in macrophages did not affect plasma TG levels (18) . It is thought that much lung LpL activity is acquired from circulating LpL that attaches to lung GPI-anchored HDL-binding protein 1 (32) . It is likely that these changes in BAT chylomicron-TG and lung lipolysis are responsible for the hypertriglyceridemia in ATLO mice.
Lipidomic analysis of adipose fatty acids-To determine the likely origin of the fatty acids within the adipose tissues, the lipid composition of GAT and SCAT was analyzed in the ATLO, MCK/L0 and WT mice. The proportions of each class of fatty acids are shown in Figure 4 , and individual fatty acids in Supplementary Table 1. In chow-fed mice, the GAT TG acyl composition of major fatty acids in ATLO mice was identical to that of WT ( Figure  4A ). In contrast, MCK/L0 mice had a marked reduction in PUFA and an increase in the monounsaturated (MUFA) proportions. PUFA reduction was mainly due to a marked decrease in C18:2, although almost all the PUFAs were significantly reduced in the MCK/L0 GAT. In SCAT, the TG acyl composition of both ATLO and MCK/L0 mice showed a reduction in PUFAs due to decrease in C18:2 ( Figure 4A ).
In contrast to the minor effect of adipose LpL deletion in GAT, ATLO BAT had markedly reduced amounts of PUFAs, and such changes were amplified in the MCK/L0 BAT ( Figure 4A ). PUFA-TGs were reduced from 39.5 ± 6.7 % in WT to 15.7 ± 3.9% in ATLO and to 7.9 ± 1.9% in MCK/L0 BAT (p<0.01 for both). A number of SFAs and monounsaturated fatty acids (MUFAs) were greater in both ATLO and MCK/L0; these fatty acids are often the products of de novo synthesis. SFAs were 15.9 ± 2.6% in WT, whereas in MCK/L0 mice they were increased to 37.12 ± 2.4% (p< 0.001). The acyl CoA composition of the adipose stores in the three genotypes showed similar patterns as the TGs ( Figure 4B) . Thus, the lipid changes were consistent with a decrease in uptake of dietary fatty acids and an increase in de novo synthesis in LpL deficient adipose, with the changes being more marked in BAT and in MCK/L0 mice. In contrast, adipose lipid composition in the macrophage specific LpL knockout ML0 was identical to that of WT (not shown).
Tissue uptake of glucose-To further determine the likely origin of the adipose tissue in ATLO and MCK/L0 mice, we used 2-deoxy-D-[1-3 H]glucose to trace the uptake. Glucose uptake was increased in GAT of MCK/L0 mice (as reported by others (33)) ( Figure 4C ). Other tissues -liver, heart, spleen, lung and brain -displayed no significant differences in uptake.
Adipose lipoprotein lipase
Effects of HFD feeding on acyl composition-We next assessed whether feeding a HFD was associated with amplification or reduction of the differences in fatty acid composition. The HFD was mainly enriched in C18:1, C16 and C18:2, and these fatty acids were found very abundantly in the tissues (Table 1 and  Supplementary Table 1 ). This diet increased the percent of MUFAs and/or SFAs in all three fat depots of WT and ATLO mice ( Figure 5A and Supplementary Table 1 ). The reduction in PUFAs found in GAT from chow fed MCK/L0 persisted on the HFD. But surprisingly, the PUFA acyl CoAs were increased in MCK/L0 GAT, suggesting that the uptake of fatty acids increased although the storage in TG remained lower than in the WT mice.
In contrast, HFD negated many of the effects of LpL deficiency on SCAT and BAT lipid composition. Compared to chow, the TG PUFAs in BAT of HFD-fed ATLO approximately doubled. ATLO and MCK/L0 BAT experienced major changes in lipid composition to the point that there were no longer differences with the WT mice; the differences found in the SCAT were also minimized. The acyl CoA composition changed with the HFD following the same directions as the TGs ( Figure 5B ). There were no changes in the expression of lipoprotein receptors: LDL receptor, VLDL receptor, and LRP1 ( Figure 5C ). Therefore, de novo synthesis is a major contributor to both GAT and BAT when LpL deficient mice are fed chow diet. In contrast, diet is the major fatty acid source in HFD-fed animals. Plasma FFA composition on both chow and HFD reflected the composition of TG in adipose (not shown).
Gene expression in WAT and BAT-To study if the lipidomic changes were consistent with gene expression changes in GAT, BAT and SCAT, we measured mRNA levels of the main metabolic genes involved in FA metabolism, as well as the main nuclear receptors governing the lipid metabolism (Table 4 ). In chow diet fed mice, ATLO differed from WT mice in the mRNA levels of FAS, the main lipogenic enzyme, only in SCAT and BAT, where it was increased by ~3-4 fold (p<0.01), but this mRNA was not increased in GAT. SCD1 and SCD2 mRNA levels were also increased in SCAT and BAT but not GAT. In MCK/L0 mice, FAS was increased by 13-74 fold (p<0.05) and mRNA levels of other enzymes involved in the lipogenic pathway -DGAT1, SCD1 and SCD2 -were increased in all three fat depots of MCK/L0 mice. Enzymes involved in TG degradation and fatty acid oxidation -HSL, ATGL and AOX -were also increased in MCK/L0 adipose tissues. Consistent with the increase in both the lipogenic and the oxidative pathways, MCK/L0 mice also showed greater increases in the expression of all the PPARs. After the mice had been fed a HFD, differences amongst genotypes were less remarkable and there was no longer evidence of de novo lipogenesis related gene expression in any of the tissues ( Table 5 ). The HFD-induced changes in adipose tissue were associated with increased LpL mRNA in GAT of WT mice (~3 fold). However, ATLO and MCK/L0 still had much lower LpL expression, 5% and 0.2% of WT, respectively (Table 5) . BAT also had greater LpL mRNA when the mice were fed HFD ( 72 fold in WT). In ATLO mice, the HFD induced increase in BAT LpL expression meant that the levels were higher than in chow fed WT mice, despite still being lower than HFD-fed WT; only 1% of the LpL expression (Table 5 ). In contrast, ML0 mice had normal fat development and no defect in LpL induction with western diet (18) .
Bone marrow transplant to replenish macrophage LpL expression in GAT-Since ATLO mice showed little phenotype in their GAT, as opposed to the MCK/L0, we studied the possible contribution of macrophage-derived LpL to the normal development of GAT. The TG acyl composition of ML0 mice showed, no differences in any of the three adipose stores. However, we hypothesized that in conditions of limited availability of adipocyte-derived LpL, macrophage-derived LpL could be relevant to adipose tissue development. Bone marrow transplants were performed from WT donors to MCK/L0 recipients (WT → MCK/L0) to replenish MCK/L0 mice with LpL-expressing macrophages. MCK/L0 recipients of MCK/L0 were used as controls (MCK/L0 → MCK/L0). After 8 weeks, the mice were injected in their GAT with a MCP1 expressing adenovirus to promote the recruitment of the donor's macrophages to the recipient's adipose tissue.
The expression of LpL mRNA in GAT from WT → MCK/L0 mice was 40% of LpL mRNA of WT mice ( Figure 6A ), which is higher than the residual 25% LpL mRNA previously encountered in GAT from ATLO mice. However, LpL activity in WT → MCK/L0 mice was only 6.6% of the activity in WT mice ( Figure 6B) .
The disparity between the replacement of LpL mRNA and LpL activity suggested that the MCK/L0 adipose was expressing an LpL activity inhibitor. We found that Angptl4 mRNA levels in MCK/L0 GAT were increased by 5.5 fold compared to WT. Similarly, transplant of bone marrow into MCK/L0 was persistently associated with this increase in expression of the LpL inhibitor regardless of whether the donor bone marrow was WT or LpL deficient ( Figure 6C) . Therefore, although the bone marrow-derived macrophages replenished LpL mRNA in MCK/L0 GAT, there was no increase in activity, probably due to the higher expression of Angptl4. Not surprisingly, the PUFA proportion in the GAT TGs of WT → MCK/L0 mice did not increase when compared to the MCK/L0 → MCK/L0 ( Figure 6D ) and the FAS expression remained high ( Figure 6E ). Angptl4 is regulated by PPARγ in the adipocyte and by PPARδ in the macrophage (34, 35) . Consistently both isoforms of PPARγ, PPARγ1 and PPARγ2, and PPARδ were upregulated in the GAT from transplanted mice MCK/L0 → MCK/L0 and in WT → MCK/L0 ( Figure 6F) .
In BAT and SCAT, the expression of LpL mRNA remained as background in both MCK/L0 → MCK/L0 and WT → MCK/L0 mice, indicating lack of LpL replenishment, perhaps because macrophage recruitment was amplified only in the GAT, which was injected with Ad-MCP1. Neither did the proportion of PUFAs change in BAT or SCAT with the transplanted WT bone marrow ( Figure 6 G-J) .
MCK/ATLO mice have reduced adipose mass and increased lipogenic gene expressionBecause loss of macrophage LpL and loss of adipocyte (plus some macrophage) LpL did not lead to smaller GAT in ATLO mice, it suggested that the reduced white adipose in MCK/L0 mice was due to the muscle overexpression of LpL. To test this hypothesis, we crossed the MCK-LpL transgene onto the ATLO background. MCK-ATLO mice had reduced plasma TG levels to ~50 mg/dl. GAT in MCK/ATLO mice was reduced to 0.2 g of tissue, a reduction of >30% ( Figure 7A ). The residual GAT was larger than that of MCK/L0 mice ( Figure 2B ) but smaller than WT. MCK/ATLO GAT had increased expression of the lipogenic genes; mRNA levels of FAS were increased 3 fold and SCD1 5 fold compared to WT ( Figure 7B) . Moreover, the GAT now had reduced polyunsaturated TG fatty acids and increased monounsaturated ( Figure 7C) . Therefore, the lack of LpL in adipose tissue in MCK/ATLO mice is likely to be compensated by endogenous lipogenesis to a partial extent that does not allow a complete adipose development. Moreover this study proved that LpL effects on adipose development are due to a balance of uptake between different tissues.
DISCUSSION
The accumulation of TG within adipose tissue has been assumed to occur primarily via LpL hydrolysis of lipoprotein TG. For that reason, we assumed that ATLO mice would either have reduced adipose tissue mass or would accumulate TG via other processes, as had been shown for MCK/L0 (9,10). Moreover we assumed that expansion of adipose stores with HFDs required LpL actions. Many of these hypotheses were wrong. 1) We found that WT and ATLO mice developed equal TG stores, but MCK/L0 had reduced WAT.
2) ATLO mice had hypertriglyceridemia and this was associated with reduced chylomicron TG uptake in BAT and lung. 3) Introduction of the MCK-LpL transgene onto the ATLO background led to reduced GAT. 4) ATLO BAT had decreased PUFAs, consistent with reduced uptake of dietary fat. 5) GAT, SCAT and BAT from MCK/L0 mice also had reduced PUFAs and this was associated with increased FAS mRNA. 6) MCK/L0 mice fed a HFD had less weight gain, but TG fatty acyl distribution approximated that of WT mice. Therefore, adipose LpL is a more critical regulator of BAT metabolism. But even in LpL absence, adipose tissue can acquire dietary lipids, perhaps because of lipolysis in distant tissues.
The ap2-Cre led to a marked deletion of LpL expression in mature adipocytes. Adipocyte ap2 is turned on in the terminal differentiation phase of the adipogenesis under the control of PPAR (36, 37) . This led to a commensurate reduction in LpL activity. Not unexpectedly, macrophage LpL was also somewhat reduced in the ATLO mice. The residual LpL in the ATLO Adipose lipoprotein lipase adipose could reflect some continued LpL expression by macrophages, or an incomplete deletion in some adipocytes (although the mRNA decrease in GAT adipocytes was ~80%, Figure 1) . As a consequence, macrophages in ATLO GAT contained a higher proportion of the total, residual LpL, than the macrophages in WT mice (Figure 1) . The in vivo phenotype of the ATLO mice was primarily localized to the plasma and BAT. ATLO, unlike MCK/L0, had hypertriglyceridemia. This can be explained by the reduced LpL activity in the BAT leading to reduced TG-derived fatty acid uptake. The reduced lung TG uptake may also have contributed to the hypertriglyceridemia. Changes in lung LpL activity, it should be noted, might not be due to altered lung LpL expression Olafsen et al. (32) , but rather to changes in acquisition of LpL from the circulation. In our kinetic studies, TG uptake per mg of tissue into BAT of WT mice was ~40 times greater than uptake into WAT. Despite being a small proportion of the total amount of adipose tissue, BAT is metabolically highly active (38) and has been shown to be an important modulator of plasma TG clearance in the mouse (16). While it is also possible that the partial LpL knockout in macrophages reduces TG clearance, other studies with more complete macrophage LpL deletion did not alter circulating TG levels (18) .
Our data confirm that BAT TG uptake is via actions of LpL. However, the lack of LpL did not lead to reduced BAT size in MCK/L0 or in ATLO mice. Consistent with the uptake data, BAT was deficient in dietary fatty acids. Although we had expected loss of adipocyte LpL to also alter WAT, only SCAT showed a slightly altered lipid composition. This differs from studies in humans with complete LpL deficiency; WAT from these people have decreased levels of PUFAs in adipose tissue (39) . In contrast with the ATLO mouse, deletion of LpL in skeletal myocytes (40) and cardiomyocytes (17) leads to tissue specific effects that are not overcome by LpL production by other cells. While some of the ATLO phenotype might reflect a more complete reduction in LpL activity in BAT, we suspect that other regulators of the lipolytic reaction, especially the concentration of plasma TG, and the relative metabolic activity of the different fat stores are likely to determine whether the residual LpL is physiologically limiting (see below).
The importance of some LpL for adipose development seemed to be confirmed by studies in the MCK/L0 mice. MCK/L0 mice had less GAT mass, both on chow and HFD, and increased lean body mass. These results seemed to differ from the observed phenotype of humans with LpL deficiency. Although the composition of human LpL deficient adipose is compatible with greater de novo TG production, these patients have no obvious defect in adipose development (41) . It is possible that the compositional changes could be due to the low fat diets ingested by LpL deficient patients. Because of this, we created MCK/ATLO mice and were able to show that the enhanced muscle LpL expression reduced GAT; in contrast, the MCK-LpL transgene did not reduce GAT when bred onto the WT background. Therefore both a reduction in adipose LpL and greater expression of LpL in the muscle are required to divert fat away from adipose. These data confirm the Greenwood hypothesis that LpL is the "gatekeeper" for distribution of fatty acid-derived calories amongst tissues (8) .
MCK/L0 adipose tissue GAT has greater uptake of glucose (33), the presumed substrate used for de novo lipogenesis, consistent with the gene and lipid profile suggestive of enhanced lipogenesis: increased expression of FAS and GAT enriched in the FAS products C16 and C18, as well as in their monounsaturated FAs after the action of the also overexpressed desaturases SCD1 and SCD2. In contrast, ATLO mice did not have increased glucose uptake in GAT, reflecting their acquisition of lipids from the plasma circulating TGs.
Circulating plasma TG in chylomicrons and VLDL is the substrate for LpL activity. HFD rescued the dietary fatty acid deficiency in all the adipose stores and normalized FAS expression in the MCK/L0 mice; we presume this is due to the large amount of dietary TG that became available for adipose uptake. There was no increase in conventional lipoprotein receptors, and we presume that uptake of dietary fat was due to FFA created in LpL expressing tissues other than adipose, i.e. skeletal muscle. LpL is a major contributor to retinyl ester uptake (42) , but there is evidence of alternative LpL independent pathways for lipoprotein vitamin A uptake by tissues (42, 43) . Such other routes may be important for adipose fatty acid uptake especially during the Adipose lipoprotein lipase HFD and are likely to involve uptake of circulating FFA. We initially thought that such uptake was insufficient to allow normal fat expansion in the MCK/L0 model. However, the reduction of GAT in the MCK/ATLO mice underscored the importance of lipid diversion in addition to reduced local uptake in adipose development. In should be noted that ATLO/MCK mice differ from the ATLO in that they have reduced plasma TG to serve as substrate for the residual adipose LpL. And opposite to what occurs in HFD-fed MCK/L0 the reduced LpL substrate might be reflected by reduced GAT mass.
We initially hypothesized that the difference between the WAT stores in these two models was due to the contribution of adipose tissue macrophage LpL in the setting of limited adipocyte-derived LpL. To prove this we restored LpL in MCK/L0 mice by bone marrow transplant experiments. LpL expression in the MCK/L0 recipients of WT bone marrow was increased to 40% of the WT mice, higher than the levels of expression found in ATLO mice. However, the increase in LpL mRNA did not translate into a significant decrease in FAS expression or changes in the lipid composition of the adipose tissue. This result reflected the less robust restoration of LpL activity, perhaps due to the high expression of Angptl4. Angplt4 is a PPAR regulated gene that is induced by PPARγ in adipocytes and PPARδ in macrophages (34, 35) . Although LpL is a source of ligands for PPAR activation (44,45), it is possible that adipose, like the liver, activates PPAR transcription factors using de novo synthesized fatty acids (46).
In summary, upon deletion of LpL in adipocytes, we made several observations that provide novel insights into adipose tissue biology. We show that BAT LpL activity is an important regulator of plasma TG, at least in the mouse. LpL loss from WAT adipocytes alone does not affect lipid composition or fat development. This contrasts with the situation in MCK/L0 where lipid composition and fat development are altered. However, even in these mice, alternative uptake pathways are sufficient to correct the reduced PUFA levels in SCAT and BAT when animals are fed a HFD. Replacement of LpL using macrophage expression did not correct adipose metabolism, possibly due to increases in the LpL inhibitor, Angplt4. These data show the importance of this inhibitory reaction and suggest that modulation of Angplt4 may have important effects on TG metabolism in patients with partial LpL deficiency. Finally, by addition of the MCKLpL transgene to the ATLO background we prove that a major control of adipose development is the diversion of nutrients to other tissues. This physiology is likely to replicate that due to LpL induction that occurs in chronically exercising mammals. Table 3 Plasma parameters in WT, ATLO and MCK/L0 mice. Table 4 
